Effect of nanoparticle polydispersity on the self-assembly of polymer tethered nanospheres J. Chem. Phys. 137, 104901 (2012) We use Brownian dynamics to investigate the self-assembly of single end tethered, laterally tethered, and double end tethered V-shaped nanoparticles. The simulation results are compared with model bent-core molecules without tethers and polymer tethered nanorods to elucidate the combined effects of V-shaped geometry and the immiscibility between the V-shaped nanoparticles and the tethers on the self-assembled structures. We show that the V-shaped geometry significantly alters the phase diagram of tethered nanoparticles and further that the immiscibility between particles and tethers leads to structures not previously predicted for bent-core molecules. Examples of mesophases predicted include honeycomb, hexagonally packed cylinders, and perforated lamellar phases.
I. INTRODUCTION
Polymer-functionalized nanoparticles have been proposed as promising building blocks for the bottom-up fabrication of nanostructures. 1 Recent experimental studies suggest that precise control over positioning polymeric chains onto the surfaces of nanoparticles will become viable in the near future. For example, Pan et al. 2 synthesized tethered gold nanorods and nanospheres by nucleotide hybridization. DeVries et al. 3 tailored the surface of spherical metal nanoparticles with self-assembled surfactants, inducing active poles to which they attached 11-mercaptoundecanoic acid. Nie et al. 4 synthesized cetylrimethylammonium bromide ͑͑C 16 H 33 ͒N͑CH 3 ͒ 3 Br͒ ͑CTAB͒-coated Au nanorods with thiol-terminated polystyrene chains of molecular weight M n = 12 000 attached at two ends. Simulations predict that the thermodynamic immiscibility between nanoparticles and their polymeric tethers will produce a collection of ordered structures, similar to those occurring due to microphase separation in block copolymers and surfactants. 1, [5] [6] [7] [8] [9] [10] However, in contrast with block copolymers and surfactants which consist of only flexible components, the local packing of hard nanoparticle "blocks" or "headgroups" gives rise to additional orientational ordering within the self-assembled mesostructures. While theoretical progress has been less developed due to the complicated entropic interactions between such asymmetric building blocks, [11] [12] [13] [14] [15] computer simulations provide a potential means to tackle the problem. Using mesoscale simulations, Zhang et al. 1 showed the distinct local packing configurations that could be formed from tethered rods, disks, triangles, and hexagons in complex three-dimensional ͑3D͒ morphologies. Horsch et al. 6, 7 predicted that end tethered nanorods can form chiral, twisted, hexagonally packed cylinders which are the consequence of the competition between energetic and entropic effects. They further predicted that laterally tethered nanorods would form novel bilayer sheetlike structures at high packing fraction. 8 It is therefore suggestive that geometrical anisotropy, in terms of aspect ratio and asymmetry, is an important factor that substantially affects the phase behavior of tethered nanoparticles. 7, 16 It has been argued that nanoparticle systems may form self-assembled structures that mimic those found in molecular liquid crystals. 17, 18 Molecular liquid crystals exhibit many exquisitely ordered phases that arise from packing considerations. One such molecule that has received particular attention because it is achiral yet forms chiral phases has a rigid V-shape unit; it is also known as a "banana" or bent-core molecule. In 1996, Niori 19 was the first to experimentally demonstrate that these molecules form various unprecedented liquid crystalline phases. Columnar rectangular ribbons ͑B1͒, 20-24 chiral tilted smectic ͑B2͒, [24] [25] [26] [27] [28] [29] twist grain boundary ͑B4͒, 26, [30] [31] [32] and polar splaying, undulated layers ͑B7͒ 21, 28, 33 are popularly reported mesophases formed by these molecules. Depending on the chemical nature of the molecules as well as their bending angle and terminal chain length, different temperature-dependent phase transitions have been observed. Owing to its unique geometry, bent-core molecules exhibit spontaneous chiral structures and switchable polar ordering that are not inherent to linear molecules. Of particular interest is the spontaneous development of superstructural chirality which can be employed in a variety of optical and electronic applications including photonic band gap materials 34 and, more recently, negative refractive index materials. [35] [36] [37] [38] [39] Molecular chirality and long-range polar interactions are proposed theoretically, 12, 14 computationally, [40] [41] [42] [43] and experimentally 26, 38 to be two major factors leading to the spontaneous formation of chiral structure and helical morphologies in the B phases of bent-core molecules. At mesoscopic length scales, however, these two ingredients are not easily experimentally reproduced. Alternatively, Xu et al. 44 proposed that steric interactions might be sufficient for chiral desymmetrization and that neither molecular chirality nor dipole-dipole interactions are necessary. In their Monte Carlo simulations, coarse-grained V-shaped molecules with soft repulsive interactions indeed exhibit a chiral smectic phase with a random interlayer polar distribution. Johnston et al. 45 demonstrated that bent-core molecules interacting via a GayBerne potential, which is essentially a directional LennardJones ͑LJ͒ potential, assemble into a twist grain boundary phase. The simulated superhelical structure is in good agreement with previous experimental work in the literature. Dewar et al. 46 reported a tilted smectic B phase with a coarse-grained bead-chain model and a LJ pairwise interaction. They argued that this "bumpy" model is physically relevant due to the fact that the bent-core units are normally made up of several aryl groups. Actual bent-core molecules, however, are synthesized with flexible terminal chains; these parts of the molecule have been often excluded in previous theoretical or computational work. Recently, Dewar and Camp 47 studied systems of bent-core molecules with two short flexible tails, one at each end. They demonstrated that, as compared to previous rigid models, the flexible model led to enhanced fluctuations in the smectic-layer structures, which is in better correspondence with those in actual smectic liquid crystals. However, in their configurational-bias Monte Carlo simulations, they ignored steric interactions between tails on different molecules. The prior simulation studies of tethered nanoparticles described earlier suggest that these flexible segments may play an important role in the self-assembly of these molecules. In this study, we investigate the self-assembly of polymer tethered V-shaped nanoparticles ͑TVNs͒. The simulation results are compared with both the model bent-core molecules without tethers and polymer tethered nanorods, a limit of TVNs in which the opening angle is 180°. Our study thereby elucidates the combined effects of V-shaped geometry and the immiscibility between the V-shaped nanoparticles and the tethers on the self-assembled structures. We show that the V-shaped geometry significantly alters the phase diagram of tethered nanoparticles and further that the immiscibility between particle and tethers leads to structures not previously predicted for bent-core molecules.
II. MODEL AND SIMULATION METHOD
We utilize minimal, coarse-grained models and Brownian dynamics ͑BD͒ to study the phase behavior of a solution of TVNs in three dimensions. Our minimal models, which are not restricted to any specific system but instead pertain to a general class of tethered nanoparticles, are developed based on empirical potentials that are successful in capturing the relevant physics of block copolymers, surfactants, and colloidal particles. 48, 49 A primary advantage of this approach is that the liquid crystal behavior of the V-shaped nanoparticles and the complex entropic interactions arising from the asymmetry between the rigid nanoparticles and the flexible polymer tethers are automatically incorporated. In this study, we aim to investigate the role of the number and position of tethers of fixed length, the opening angle of the V-shape nanoparticles, and the immiscibility between tether and particle on the resulting self-assembled morphologies.
A. Model
The computationally efficient model of V-shaped particles that we study here consists of five beads with diameter 1.0, arranged rigidly in the shape of the letter "V." The center to center distance between two adjacent beads in a particle is 1.0. The particles are connected to tethers via finitely extensible, nonlinear, elastic ͑FENE͒ springs. 50 Previous simulations of tethered nanorods showed that rod roughness, which is controlled by the number of beads used to represent the particle, have little effect on the selfassembled structures. 7 Additionally, this model closely relates to the previous simulations of bent-core molecules 44, 46 and recently synthesized colloidal particles. 51, 52 The opening angle of the V group is set to be 140°, which is the angle normally attained for actual bent-core molecules and used in previous simulations. [44] [45] [46] Flexible tethers are modeled as linear chains consisting of four beads of diameter 1.0 bonded together via FENE springs. The tether length is chosen to be roughly equal to the distance between two V ends, allowing for direct comparison with moderate aspect ratio tethered nanorods. 6, 7 We consider three geometries of TVNs that are single end, double end, and laterally tethered as illustrated in Fig. 1 .
To account for solvent selectivity, we assume that the solvent is poor for the nanoparticles and good for the tethers for all cases unless otherwise indicated. The effective interaction between solvophobic V-shaped particles is therefore modeled by a 12-6 LJ potential between the individual beads of the particles, truncated and shifted to zero at r cutoff = 2.5, to incorporate short-range attraction and excluded volume: 
r Ն r cutoff = 2.5.
·
The nonbonded interaction between solvophilic tethers is modeled by the purely repulsive Weeks-Chandler-Andersen ͑WCA͒ potential between tether beads. WCA is essentially a LJ potential truncated and shifted to zero at its minimum:
The thermodynamic immiscibility between nanoparticles and tethers is represented by using the repulsive WCA potential for nanoparticle-tether interactions. In our simulations, the potential energy well depths are chosen to be identical for nanoparticle-nanoparticle, nanoparticle-tether, and tethertether interactions, NP-NP = NP-T = T-T = . The natural units for these systems are the diameter of a bead, , the mass of a bead, m, and the LJ well depth . The time scale is defined as = ͑m͒ −1/2 and the dimensionless temperature is T
The number density is defined as = N / V, where N is the total number of beads and V is the box volume.
B. Simulation method
The BD simulation method is widely used in the study of block copolymers, surfactants, and colloidal particles. In BD, each bead is subjected to conservative, random, and drag forces, F i C , F i R , and F i D , respectively, and its motion is governed by the Langevin equation:
Here m i and r i are the bead mass and position, respectively. The conservative force F i C is determined by the gradient of the pairwise potentials between a bead and its neighbors. The random and drag forces represent the bombarding effects of solvent molecules on a bead. The random force F i R is independent of the conservative force and satisfies the dissipation fluctuation theorem:
The drag force is related to the bead velocity F i D =−␥v i , where ␥ is the friction coefficient and v i is the bead velocity. We choose the friction coefficient ␥ = 1.0 to limit the ballistic motion of a bead in a time step to approximately 1.0. 7 The combination of the random and drag forces serves as a nonmomentum-conserving thermostat for the system and helps minimize numerical round-off errors that can accumulate during long simulation runs. Since the steady-state solution of the Langevin equation yields the Boltzmann velocity distribution, BD reproduces the canonical ͑NVT͒ ensemble. The rotational degrees of freedom of V-shaped particles are incorporated using the equations for rotation of rigid bodies with quaternions. 53 We employ the velocity Verlet scheme to integrate the equation of motion of tether beads and to advance the rotational motion of the V-shaped particles with a time step ⌬t = 0.005.
We sampled the phase diagram of monotethered V-shaped nanoparticles at nine different number densities ranging from 0.1 to 0.9, corresponding to volume fractions from 0.005 to 0.47. The systems are initially athermal, where all interactions are treated with the repulsive WCA potential, and at high temperature ͑T ‫ء‬ = 1.6͒ and low concentration. The simulation box is gradually rescaled until the target concentration is reached. At the target concentration, the system is allowed to become isotropic before selective solvent interactions are activated. We then quench the system following a stepping schedule with a temperature step ⌬T ‫ء‬ = 0.1. At each intermediate temperature, the systems are equilibrated until the fluctuation of the potential energy falls below 5% over several million time steps. To ascertain that any observed phases are not affected by our finite box size, we simulated systems with N P = 200, 600, 1000, 1200, 2000, and 3000 building blocks for a fixed number density. We also repeat the simulations with different cooling paths to help avoid kinetically trapped structures at certain concentrations and to ascertain that the predicted structures are independent of thermodynamic path. Using this procedure, we obtained metastable states only when trying to produce perforated lamellar phases with single end TVNs for small system sizes, e.g., with N P = 200 and 600 building blocks. For larger systems and all other structures, we always achieve equilibrium structures regardless of the cooling schedule. The simulations presented in this work were performed with an in-house code and represent approximately 5000 hours of central processing unit time on Power G5 2.0 GHz processors.
III. RESULTS AND DISCUSSION

A. Single end tethered V-shaped nanoparticles
The phase diagram of single end TVNs is similar to that of tethered nanorods, 6 reproducing all phases except the tetragonally perforated lamellar phase. Similar to end tethered nanorods, we observe micelles ordered in a body-centered cubic ͑bcc͒ mesophase structure, hexagonally packed cylinders, hexagonally perforated smectic layers, and smectic layers as the volume fraction of the building blocks increases ͑Fig. 2͒. Although the bend in the nanoparticle geometry does not substantially change the mesophase classification, it does change the local packing of the particles within the aggregates, as follows.
BCC spherical micelles "M…
For number densities from 0.1 to 0.3 for T ‫ء‬ Յ 0.8 single end TVNs aggregate into micelles. As concentration increases, the micelles are ordered into a bcc morphology ͓Fig. 3͑a͔͒. To quantify the shape of the micelles, we compute the asphericity parameter 7 which is defined as
where R i 2 is the eigenvalue of the gyration tensor of each micelle and the average is performed over all micelles in the size range. The asphericity parameter A S may vary from zero for a spherical micelle to unity for a rod-shaped micelle. Table I shows that at = 0.2 and T ‫ء‬ = 0.8, the majority of micelles consist of 35-65 particles where the asphericity parameter is close to zero, indicative of a spherical shape. In contrast with the micelles predicted for end tethered nanorods, 7 snapshots of these spherical micelles in Fig. 3͑b͒ show that the tethers tend to extend radially from the center of the micelle, resulting in an isotropic intermicelle interaction.
Hexagonally packed cylinders "H…
For 0.3Ͻ Յ 0.56, hexagonally packed cylinders are formed for T ‫ء‬ Ͻ 1.2 ͓Fig. 4͑a͔͒. Hexagonally packed cylinders are theoretically predicted and experimentally observed for bent-core molecules, 54 block copolymers, 55 and other shape amphiphiles such as end tethered nanorods, 6,7 tethered nanospheres, 16 and tethered nanocubes. 9 Although there are random defects along each cylinder, the packing of the nanoparticles within each cylinder is similar to that predicted for the rectangular columnar phase ͑B1͒ of bent-core molecules, 23 in which the V-shaped nanoparticles nest together in cross section with the polar direction perpendicular to the cylinder axis ͓Fig. 4͑b͔͒. Nonetheless, while the nested packing of V-shaped nanoparticles is strongly energetically favored, it also induces an entropic penalty that can be mitigated either by nanoparticles tilting with respect to the interfacial normal, increasing the distance between tether anchor points, or switching the anchor points randomly from one side to another. Additional entropy is achieved by randomly alternating the polar direction of bundles of nested nanoparticles to reduce the tether overcrowding ͓Fig. 4͑c͔͒. This suggests that it is the immiscibility of tethers and particles, which is absent in previous simulations of bent-core molecules, 56 that results in additional orientational order within each cylinder. Moreover, Fig. 4͑c͒ also indicates that the nanoparticle-tether junctions are ordered locally into a hexagonal packing, and thus are restricted to planar inter- 
3D hexagonal perforated lamellae "HPLs…
For 0.56Ͻ Յ 0.7, we observe a morphology intermediate between columnar and lamellar phases ͓Fig. 5͑a͔͒. As increases from that of the cylinder phase, the repulsion between aggregates induces a morphological change toward a higher interfacial surface to volume ratio. When quenching a disordered system, we observe that the nanoparticles first form interconnected tubes with the tethers extending outside. As T decreases further, the interconnected tubes merge and rearrange into sheets to maximize the distance between repulsive aggregates and minimize interfacial areas. Because the sheets are formed by the combination of tether-coated interconnected tubes, they are perforated by the tethers already occupying the merged space. Packing the nanoparticles into sheets is energetically favorable for the nanoparticles but is entropically unfavorable for the tethers. The entropic penalty induced by the high grafting density of the tethers can then be alleviated by the following factors. First, the nanoparticles pack with tether anchor points distributed randomly on both sides of the sheet. Second, the perforations in each sheet are ordered into a hexagonal lattice as shown in Fig.  5͑b͒ , which allows for a uniform distance between neighboring perforations, and hence reduces the entropic penalty caused by packed nanoparticles between perforations. Finally, the perforations are arranged between sheets in a 3D ordering to maintain the constant and lowest concentration of tethers at each perforation. Since the perforations in layers closely relate to the excluded volume interactions between the tethers, these 3D structures have not been predicted for bent-core molecules in previous simulations where the terminal chains were ignored. 44, 56 We did not observe the tetragonally perforated lamellar phase as predicted for tethered nanorods in Ref. 6 , even within the same window of number densities. As pointed out in Ref. 6 , the key factor that gives rise to the tetragonally perforated lamellar phase is that the nanorods must align with the sheet normal. This orientation is clearly impossible for bent rods.
Lamellar phase "L…
At 0.8Յ Յ 0.9 we observe a lamellar phase at temperatures at and below T ‫ء‬ = 1.4. As compared to end tethered nanorods 6 which form lamellar phases at T ‫ء‬ ϳ 4.0, the packing of V-shaped particles into layers is more difficult, requiring alignment along two axes versus one axis. Consequently, at high density, ordered phases appear at lower temperatures as compared with tethered rods. With N P = 2000-3000 building blocks, we observe three independent layers as shown in Fig. 6͑a͒ . Here the intralayer fluctuation is much less than in the lamellar phase formed by tethered nanorods 6 because the V-shaped nanoparticles nest within each other to achieve optimal packing, thereby providing additional stability within each layer. Moreover, as indicated by the split second peak of the two-dimensional nanoparticle-nanoparticle distance correlation function ͓Fig. 6͑b͔͒, the nanoparticles within each layer pack into a regular hexagonal lattice 46 with tether anchor points alternated randomly on both sides to reduce the grafting density of tethers. Edge-on views of the layers ͓Fig. 6͑a͔͒ show that the nanoparticles exhibit a uniform tilt with respect to the interfacial normal, maximizing the distance between tether anchor points, and thus allowing the tethers to have more free volume. For 0.9Յ T ‫ء‬ Յ 1.4, the tilt angle varies from 29°to 31°, which is consistent with previous simulations 46 and experimental observations. 26, 29 Interestingly, owing to their two-dimensional geometry, the tilting V-shaped nanoparticles result in a well-defined handedness within each layer, which is unavailable for the smectic phase in tethered nanorod systems. Figure 6͑c͒ reveals that V-shaped nanoparticles within a sheet tilt to allow for an efficient packing of adjacent spherical beads. To quantify the handedness of each layer, we measure the average chiral order parameter with the rms average chiral fluctuations: 
Here i is the chiral order parameter of a V-shaped nanoparticle which is defined as
Here m is the local sheet normal, and n i and p i are the end-to-end vector and unit polar vector of the nanoparticle, respectively. At equilibrium, for all layers, the average chiral order parameter is remarkably greater than the rms average chiral fluctuations, indicative of a well-defined chirality. For example, for the snapshot shown in Fig. 6͑a͒ we obtain ͑ ; rms ͒ = ͑−0.41Ϯ 0.006; 0.04Ϯ 0.011͒, ͑0.39Ϯ 0.008; 0.09 Ϯ 0.018͒, and ͑−0.42Ϯ 0.004; 0.04Ϯ 0.001͒ for each layer, respectively. Although the current results are reminiscent of the chiral smectic C phase ͑B2͒ formed by bent-core molecules, we hypothesize that the chirality varies randomly from layer to layer because adjacent layers are only weakly coupled by the excluded volume interactions between the tethers. 44 This can be attributed to the absence of directionally favored interactions to help guide the interlayer correlation as in the simulations of Johnston et al.
45
B. Laterally tethered V-shaped nanoparticles
The previous simulations of Horsch et al. 8 showed that laterally tethered nanorods form stepped ribbons and two kinds of bilayer sheets with different crystalline interlayer packings of symmetries P 2 and C mm , respectively, in a solution good for the tethers and poor for the nanorods; the bilayer sheet mesophases have been recently confirmed experimentally. 57 The interaction between tethers are mod- eled by the repulsive WCA potential in that case. Meanwhile, for bent-core molecules in a melt state, it is reasonable to assume that the terminal hydrocarbon chains are attractive to each other and repulsive to the rigid aromatic cores. Consequently, to compare laterally TVNs with laterally tethered nanorods with implications for bent-core molecules, we examine both cases of the tether interactions independently.
Nonattractive tethers
In contrast with the laterally tethered nanorod system, we find that laterally TVNs do not assemble into stepped ribbons and bilayer sheets with different rod packings within the layers. Instead, we observe an interconnected tube phase and a lamellar phase neither of which have been previously reported for V-shaped nanoparticles. The phase behavior is strongly dependent on the nanoparticle geometry as shown in Fig. 7 . Moreover, as compared to laterally tethered nanorods, 8 we observe a decrease in the disorder-order temperature of the lamellar phase ͓Fig. 7͑b͔͒, reflecting the complex shape of the V-shaped nanoparticles compared to nanorods and the relative difficulty of the ordering process at high densities.
a. Interconnected tubes (I) Complex 3D morphologies are formed for 0.2Յ Յ 0.5 ͓Fig. 8͑a͔͒. We find that in these structures the V-shaped nanoparticles form a network of interconnected tubes without any specific order. These complex structures result from the competition between the V-shaped nanoparticles attempting to maximize their contacts and the tethers attempting to minimize their elastic strain. The nonzero curvature in the networks is formed as a compromise between the V-shaped nanoparticles aggregating to minimize energy and the tethers extending to maximize entropy. To ascertain the equilibrium nature of this structure, we ran five simulations with different cooling paths at each concentration. The average nanoparticle distance correlation ͑not shown͒ and the system potential energy at the target temperature indicate that these structures are stable and reproducible. Though we have not been successful in determining if these structures have any specific periodic ordering, the existence of this mesophase demonstrates that a bend in the nanoparticle shape can lead to a substantial change in the phase behavior of laterally tethered nanorods.
b. Lamellar phase (L) We find a lamellar phase at number densities from 0.5 to 0.9 at T ‫ء‬ Ͻ 0.9 ͓Fig. 8͑b͔͒. The lamellar phase here is completely different from the tilted smectic phase formed by either end tethered V or end tethered nanorods 6, 7 in that the V-shaped nanoparticles lie in the plane of each layer. In that respect, the morphology is more similar to that observed for laterally tethered nanorods, 8 although here the particles do not form bilayer sheets. 8 However, the observed morphology is similar to lamellar structures that are experimentally observed and theoretically predicted for lateral rod-coil block copolymers. 58 Figure 8͑b͒ shows that within a sheet the V-shaped nanoparticles fit together locally to maximize their contacts, but there is no long-range order because their alignment is randomly disturbed by the tethers attempting to maximize their free volume.
Attractive tethers
To model the attraction between tethers we use the LJ potential between tether beads instead of the WCA potential used in the previous case. Interestingly, we observe the honeycomb structures as shown in Fig. 9 over a wide range of number densities from 0.3 to 0.8. The honeycomb structures are in agreement with those experimentally observed for lateral rod-coil block copolymers 58 where the incompatibility between rods and coils plays a vital role in the microphase separation of the system. Simulation snapshots reveal that the tethers pack into hexagonally packed cylinders and the V-shaped nanoparticles form a connected network ͑Fig. 9͒. The radius of the cylinders approximates the average end-toend distance of the tethers. It is therefore evident that a change in the interaction between the tethers results in a complete change in the phase behavior of the system.
C. Double end tethered V-shaped nanoparticles
The phase diagram of double end TVNs with attractive V particles and repulsive tethers is sketched in Fig. 10 . As compared to single end TVNs, we also observe cubic ordered micelles, elongated micelles, and hexagonally packed cylinders; however, no smectic phases are found presumably because of the high volume fraction of the tethers.
BCC spherical micelles "M…
For 0.1Յ Յ 0.3, we observe micelles as T ‫ء‬ Յ 0.8 as shown in Fig. 11͑a͒ . At sufficient concentrations, the micelles form a bcc morphology. The average number of V-shaped nanoparticles in each micelle is smaller than the micelles formed by single end tethered nanoparticles presumably due to the larger excluded volume of the tethers attached at both ends of the V-shaped nanoparticles. Figure 12 shows the remarkable difference in the average size of the micelles formed by single end tethered and double end tethered nanoparticles. We use the asphericity parameter to quantify the micelle shape and find that the micelles are also spherical. For example, at = 0.3 and T ‫ء‬ = 0.5, we obtain A S = 0.02Ϯ 0.018, indicative of spherical shape. Additionally, simulation snapshots ͓Fig. 11͑b͔͒ reveal that within a micelle the nanoparticles assume a twist between neighbors to compensate for the elastic strain in the tethers.
Long micelles "LM…
For 0.3Ͻ Յ 0.4, elongated micelles are formed at T ‫ء‬ Յ 1.0 ͓Fig. 13͑a͔͒. As the concentration of the system increases, the micelles expand to accommodate more V-shaped nanoparticles. We observe that the micelles are stretched into rodlike aggregates because of the nanoparticles attempting to nest together to minimize energy and the tethers attached at their two ends attempting to maximize their free volume ͓Fig. 13͑b͔͒. One consequence of this is that the micelles grow into irregularly twisted ribbons of which an example is shown in Fig. 13͑c͒ . We again use the asphericity parameter to quantify the micelle shape and an example of the asphericity parameter as a function of the micelle size is given in Fig. 14 proaches unity, indicative of rodlike shapes. Although the micelle size is nonuniform, we observe that the micelles are nematically ordered. Similar to the tethered nanorod system, 7 the nematic order here results from the anisotropic interaction between micelles, which, because of their rigid cores, behave like rods.
Hexagonally packed cylinders "H…
As the concentration of the system increases, nematically ordered elongated micelles grow and merge to form cylinders. We observe a hexagonally packed cylinder phase as the number density is increased from 0.4 to 0.8 and T ‫ء‬ Յ 1.2 ͓Fig. 15͑a͔͒. Although the hexagonally packed cylinder phase is commonly seen in nanoparticle-polymer systems, it is not usual in bent-core molecule systems. In the columnar phases formed by bent-core molecules, the columns form a rectangular lattice and within each column the molecules are proposed to pack in parallel such that their polar direction is either parallel ͑B1͒ or perpendicular ͑B1rev͒ to the cylinder axis. 23, 59 Gorecka et al. 54 reported the first examples of hexagonally packed columnar phases ͑Col h ͒ for polycatenar bent-core molecules. They further predicted that the cross section of each column consists of four molecules organized into a starlike shape. In our cylinder phase, however, the V-shaped nanoparticles are not only favored to nest together to maximize their contacts but they also tilt with respect to the interfacial normal to increase the distance between tether anchor points, leading to a twist between nanoparticles in each cross section ͓Fig. 15͑b͔͒. An example of a cylinder in Fig. 15͑c͒ shows that the twist in the cylinders is more irregular and randomly disturbed than that in the case of single end TVNs apparently due to the higher density of the tethers. Because the repulsive tether-coated cylinders are effectively repulsive to each other, the hexagonal lattice is entropically favored to maintain a constant spacing between neighbors.
It is interesting to note that, despite the similarity between our model double end TVNs and the model molecules used in Ref. 47 , we do not observe any smectic-layer structures. This can be attributed to the exclusion of the dipoledipole interaction between the V groups and the inclusion of the excluded volume interaction between the tethers in our simulations. Double end TVNs are an example of ABA triblock copolymers in which the B group has a rigid bent shape. Therefore, we expect their mesophases to be similar in part to those known for ABA triblock copolymers. Depending on the relative volume fraction of A and B copolymers, self-assembled structures can range from spherical micelles, cylinders, 3D bicontinuous, perforated lamellas, and lamellas. 60 In our simulations, a double TVN is analogous to an A 4 B 5 A 4 triblock copolymer where lamellar structures are suppressed presumably due to the high relative volume fraction of tethers, which dominates entropic effects. We further postulate that in order for the double end TVNs to assemble into smectic phases as in bent-core molecules the tethers should be significantly shorter than the rigid nanoparticle. We have examined model building blocks with the tethers consisting of two beads ͑e.g., the A 2 B 5 A 2 configuration͒ to test this hypothesis. Preliminary results indicate that lamellar structures are eventually formed at sufficiently high concentrations ͑e.g., = 0.8͒ ͑Fig. 16͒. Further investigation of this geometry will be the focus of future work.
IV. CONCLUSION
We present here the phase diagrams of TVNs with three different geometries. We have demonstrated that building block architecture significantly affects both the mesophase behavior and local packing of self-assembled structures. While the phase behavior of single end TVNs has much in common with end tethered rods, the local packing within the mesophases is distinguished by the neat packing of the V-shaped nanoparticles. Most interesting is the spontaneous chiral symmetry breaking occurring due to the emergent chirality of V-shaped nanoparticles in lamellar phases, which is unavailable for linear nanorods. For laterally TVNs, the bent-shape geometry completely changes the phase behavior as compared to that of laterally tethered linear rods, resulting in a previously unreported interconnected structure as well as a lamellar phase. By changing the interactions between tethers from repulsive to attractive, we observe a completely different morphology, the honeycomb structure, over a wide range of concentrations. Meanwhile, the bulkiness of immiscible tethers in the double end TVN, a mesoscale analog of bent-core molecules, is shown to suppress the formation of lamellar structures. Instead we observe a hexagonally packed cylinder phase where the local packing has not been predicted for bent-core molecules. Our results also indicate that short-range interactions and excluded volume-though sufficient to induce chiral symmetry breaking in smecticlike phases as previous computational work reported-would not be adequate to produce any long-range ordered structures such as the twist grain boundary ͑B4͒ or tilted smectic ͑B2͒ phases with bent-core molecules. 
